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ABSTRACT

An attempt was made to develop a tungsten-uranium dioxide
cermet of high fuel loading with thermal expansion approaching that
of tungsten and with good dimensional stability on thermal cycling.
These goals were sought through the use of tungsten-coated uranium
dioxide particles with sufficient locally available void volume to
accommodate the difference in thermal expansion between the uranium
dioxide and the tungsten matrix and through limitation of plastic
deformation in the particles during fabrication to avoid mechanical

keying of the particles and the matrix.

The particles were vibratorily compacted prior to hot pressing.
The thermal expansion of the cermets was determined and they were
thermal cycle tested. The thermal expansion of the cermets was
considerably closer to that of tungsten than was observed with
previously reported specimens of similar composition. However,
the thermal cycling of the cermets resulted in intolerable growth.
This growth could be accounted for by the agglomeration of gases
trapped in the uranium dioxide particles during deposition of the

tungsten coating.
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SUMMARY

This topical report was prepared under NASA Contract
NAS 3-10614, and was directed toward the development of UO,-W

cermet fuel for nuclear thermionic emitters.

Tungsten-coated, porous UO2 spheres nominally 20 and 200 pm
in diameter were vibratorily compacted to approximately 80% packing
density in graphite hot-pressing dies. The particles were compacted
to 90 and 95% of theoretical density by hot pressing at 1700°C and
4000 and 6000 psi. The fuel loading was 53 volume percent UO, for

fully dense cermets.

The linear thermal expansion of the cermets was found to be

described by the relations:

(a) for the 95% dense cermets,

(VLIAJ_I: = (3.424£0.291) x 10" (T-25) + (1. 865 £0.139) x 10~ ¢ (T-25)%;

(b) for the 90% dense cermets,

%TAE = (4.227 + 0.301) x 104 (T-25)+(1.313+0.282)x 10'7(T-25)2;

where the tolerance limits are for the 90% confidence interval for

the mean expansion of the as-fabricated cermets. The thermal
expansion was considerably below previous cermets of a similar
composition, indicating that mechanical decoupling of the fuel particle
from the tungsten matrix was achieved. Heat treatment for 24 hours
at 1700 to 2000°C did not detectably alter the thermal expansion based

on the limited number of specimens tested.




The cermets were thermal cycled for 50 thermal cycles
from 150 to 1600°C. The cermets grew monotonically and iso-
tropically at rates in the range of 0. 30 to 0. 39 mils per inch per

cycle.

The dimensional changes of the cermets could be accounted
for by the agglomeration of gases trapped in the porous fuel particles

during the thermochemical deposition of the tungsten coating.




INTRODUCTION

Thermionic devices for direct conversion of thermal energy
produced by nuclear reaction to electrical energy require high surface
temperatures for the thermionic emitter. Because of the low thermal
conductivity of uranium dioxide (UOZ), this results in very high central
temperatures for oxide fueled thermionic devices which require fission
gas venting. Dilution of the oxide fuel with a refractory metal allows a
considerable increase in the thermal conductivity of the fuel-body and
the possibility of complete fission product retention. The high thermal
conductivity of tungsten coupled with its compatibility with UO,, its low
vapor pressure, fabricability, and high temperature mechanical prop-
erties, make it a superior choice for the metal phase of the two-phase

{13
(cermet) fuel body, '™’

Five basic techniques have been used for fabrication of refractory

(2,3,4)

metal-UO, cermet bodies. These include the following.

(1) Sintering, with or without pressure, mixtures
of blended powders of the oxide and refractory
metal components,

(2) Sintering, with or without pressure, of oxide
particles previously coated with powdered re-
fractory metal with organic additives to the
refractory metal to promote coating of the
fuel particles.

(3) Sintering, with or without pressure, of oxide -
particles coated by thermochemical deposition
of the refractory metal.

(4) Pressure sintering of mixtures of oxide powder
and refractory metal wires or fibers.

(5) Unidirection solidification from the melt of
refractory metal-UO, mixtures with the
resultant formation of aligned metal fibers
in the oxide matrix,



Unfortunately, there is a large difference in the thermal
expansion behavior of UO2 and the refractory metals, particularly
tungsten (the linear thermal expansion of UOZ varies from 1, 8 to
2.4 times that of tungsten over the temperature range of 100 to
2400°C). (5, 6) The mechanical interaction due to the difference in
expansion of the two phases leads to dimensional instability of the

(1,7:8) Ghich is a more or less

cermet body on thermal cycling,
inherent feature of nuclear test reactor operation as accompanying
changes in power level, reactor scrams and shutdown and restart.

As much as 12% increase in volume after 100 thermal cycles from

250 to 2150°C for 60 volume percent UO,-W cermets fabricated by

hot isostatic pressing of vapor-deposited, tungsten-coated UO,

particles has been reported. (7) The number of power cycles to be
experienced in a practical reactor system is not known precisely,

but is certainly much smaller than those enountered in test reactors.

In addition, the resultant expansion of the composite UO,-W cermet bodies
that have been made has been considerably in excess of that of

tungsten, which is a likely candidate material for the cladding

(

material for the cermet nuclear fuel. D) Thus, tungsten-clad

UOZ-W bodies have shown failure of the cladding after a very
(1,9, 10)

few thermal cycles to elevated temperatures.

High density UO,-W cermets with approximately 60 and 80
volume percent fuel loadings fabricated by vacuum hot pressing
approximately 100 micrometer diameter thermochemically tungsten-
coated UO, particles showed complex dimensional changes on thermal

(1)

after 100 cycles from 150 and 1070 to 1600°C, but growth occurred in

cycling. Total linear dimensional changes were less than 2 percent
some instances and shrinkage in others; and occasionally the dimensional
changes were of opposite sign in the diametral and axial directions.

The microstructure of the thermally cycled cermets showed severe

breakup of the continuous tungsten matrix and penetration of nearly




every tungsten grain boundary with UOZ’ though the UO2 was suffi-
ciently near the stoichiometric composition to essentially rule out
oxidation of the tungsten and tungsten transport in the UO, as the

(1)

of the tungsten matrix and the particles induced by the thermal

mechanism of degradation of the structure. Mechanical interaction
expansion difference and sintering of the fuel particles were believed
to be the source of the dimensional changes.

8) that the chief problem in the development

It is the consensus(1
of dimensionally and structurally stable tungsten-UO, cermets is the
difference in the thermal expansion of the refractory metal and the
oxide. Based on this conclusion, a rationale for a dimensionally stable
tungsten-UO, cermet structure to overcome the thermal expansion
induced difficulties previously encountered with coated fuel particle

(2,3)

cermets was devised. That rationale was that the mechanical
interaction of the fuel particles and the continuous tungsten matrix

could be avoided if sufficient void volume was incorporated to accom-
modate the excess thermal expansion of the UO2 over that of the
tungsten. (Note that this presupposes either that the void volume is
distributed around the fuel particle; i.e., in the so called '"pea-in-a-pod"
concept, or that the UO, is sufficiently plastic at the temperature of
interaction of the refractory metal and the oxide that it can flow into

its own voidage). Furthermore, the thermal expansion of the cermet
will be equal to that of the tungsten, thus, eliminating the problems

resulting from the mismatch in expansion of the cermet body and its

tungsten cladding.

The void volume required for accommodation of the excess
thermal expansion of the UO) over that of tungsten is given by the

difference in the volumetric expansion of the two components which is

(5, 6)

shown as a function of temperature in Figure 1. Note, for example,
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that for a body designed to operate at a maximum temperature of
17OOOC, 3. 3 percent accommodation void volume inside each tungsten
shell is required. Previous 1:U.ngsten—UO2 cermets made from coated

particles(l’ 8)

have been made with as little as 2 percent porosity
inside the tungsten shell, obviously insufficient to accommodate the
thermal expansion mismatch, even if the UO, were plastic enough to
flow into the voids. Thus, if the desired cermet structure is to be
achieved, greater retention of porosity inside the tungsten shell is

required.

The shape of the fuel particles can also influence the resultant
stability of the cermet body on thermal treatment, If the fuel particles
were perfect spheres, inside periectly spherical shelis of tungsten, no
mechanical interaction would be expected if sufficient peripheral void
volume were available to accommodate the excess thermal expansion of
the UO,. However, non-spherical particles are likely to produce
mechanical interaction through reorientation of the fuel particles in
their shells during thermal cycling. Thus, improvements in sphericity
of the fuel particles should improve the performance of the ce rmet body,

(8) and unidirectlonal(l’ 2)

Both isostatic hot-pressing of high fuel loading
tungsten-UO, cermets produced by the coated particle technique with
essentially monodisperse particles results in severe deviation of the
fuel particles from sphericity, as a result of plastic deformation

of the particles during fabrication. This plastic deformation is
required because of the low packing density of the particles when loaded
into the hot-pressing die or capsule and the conscious attempt to obtain
high density bodies., For example, the maximum theoretical packing
density of monodisperse (single-size) particles is only 74 percent, (12)
with actual random packing of spherical particles more closely approaching

a packing density of 60 to 63 percent. (13)

Thus, elimination of porosity
between the tungsten shells of such an assemblage requires a volume
decrease of 37 to 40 percent, resulting in an equivalent amount of total

volumetric plastic strain in the particles.

G ONELBENH A L



The obvious approach to achieve a closer approach to sphericity
in the fuel particles after fabrication through a decrease in the required
deformation of the particles is to increase the packing density prior to
application of temperature and pressure. This can be achieved by
resorting to other than monodisperse particles. For a two-component
mixture of particles, the maximum packing density increases with the
ratio of sizes of the particles. Essentially no increase is achieved for
size ratios greater than 100/1 and for particles that individually pack
randomly to a density of 60 percent, a size ratio of 10/1 accomplishes
two-thirds of the maximum possible packing density increase. (12)
In addition, when considering fabrication of coated particles for fab-
rication of cermets, the possible range of particle sizes that can be
thermochemically coated is about 10/1, With such a mixture of

particle sizes, a packing density of 83% is possible. (14)

If such a packing density is achieved prior to hot-pressing,
elimination of the interparticle porosity will require a volumetric
plastic deformation of the tungsten shells of only 17 percent. Thus,
if the starting fuel particles contain in excess of that amount (17
percent) of porosity prior to hot pressing, the excess porosity should
be retained within the tungsten shells, and will be available for
accommodation of the excess thermal expansion of the UO, over that
of tungsten, If the operation of the cermet body is to be at l?OOOC,
for example, 3.3 percent void volume for accommodation of the
excess thermal expansion is required. The total of 20, 3 percent
(17% + 3. 3%) void volume in the original fuel particles is needed

to achieve this objective,

It is likely that, after hot pressing of the tungsten-coated
porous UOZ particles, some of the remaining void volume in the tungsten
shells will be distributed throughout the UO‘2 particles rather than
located peripherally around the particles. Redistribution of this porosity

to the fuel particle-tungsten shell gap by sintering of the fuel may be




possible by heat treating of the hot-pressed cermet body. Sintering
should cause the temperature at which contact is made between the
two components to increase from somewhat below to above the hot

pressing temperature.

Based on the above considerations, a route to the desired
tungsten-UO, cermet structure with dimensional and structural stability

and with a thermal expansion approaching that of tungsten is as follows:

(A) Coat two sizes of (size ratio 10/1) high porosity
(>20 percent) UO; particles.

(B) Pack a mixture of the two particles to high
packing density (80 percent) in a hot pressing
die or capsule,

(C) Hot press the body to a final density of 95 percent
of theoretical, eliminating interparticle porosity
in the metal matrix, but retaining 3 to 5 percent
porosity in the fuel particles.

(D) Heat treat the hot-pressed cermet body to effect a
redistribution of the UO, porosity to the tungsten
shell-fuel particle gap.

It is the purpose of this report to describe an experimental
program to fabricate tungsten-UO, cermets by the technique described
above and to report the resulting thermal expansion achieved by such a

cermet body and its behavior on thermal cycling.

For minimization of variables in comparison with previous
experience on tungsten—UOZ cermets formed from monodisperse,
spherical, coated particles, a unidirectional hot-pressing technique

was chosen for the densification process,

It should be pointed out that for high initial packing density
bodies, the unidirectional hot-pressing technique closely approximates

isostatic hot pressing conditions, because of the decrease in ram

travel and consequent decrease in wall friction and densification gradients.

9
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MATERIALS

The Nuclear Materials and Equipment Corporation in Apollo,
Pennsylvania, fabricated 20 and 200 um diameter spherical UO2
particles containing 30 + 5% porosity, using a proprietary process.
The particles were coated with tungsten by hydrogen reduction of
WClg in a fluid bed reactor. Sufficient tungsten coating was applied
to the particles to give a composition of 53 volume percent UO; in
the coated particles. The results of chemical analyses of the coated

particles are listed in Table 1.

Scanning electron micrographs of the particles are shown in
Figures 2 through 5. Note the considerable variation in size of the
nominally 20 micrometer coated particles and considerable deviation
from sphericity, The variation in size of the nominally 200 micrometer
diameter particles is not as marked nor is the apparent deviation from

sphericity.

The actual average diameters of the nominally 20 and 200 micro-
meter coated particles were 21. 7 + 8. 2*micrometers and 250, 0 £25, 7%
micrometers as determined microscopically. The densities of the
uncoated UOZ substrate particles were 73.5 and 74, 6 percent of
theoretical (10. 96 gm/cm3) for the 20 and 200 micrometer particles,

respectively, by the vendor's analyses.

The extensive retained porosity in the coated 200 micrometer
particles was uniformly distributed in the UO, as shown in Figure 6,
with no noticeable penetration of the tungsten into the porosity. The
porosity in the smaller (20 micrometer) particles is agglomerated toward
the center of the particles as shown in Figure 7, often with only a central
pore remaining. Note also the apparent nonuniformity of the coating
thickness and some penetration of tungsten into the particle porosity in

the smaller particles.

*Average Feret's diameter + 1 standard deviation.

10
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Table 1. CHEMICAL CHARACTERIZATION OF TUNGSTEN
COATED UO, PARTICLES*

200 um 20 pm 200 pm 20 um
Coated Coated Coated Coated
Particles Particles Particles Particles
Element (ppm) (ppm) Element (ppm) (ppm)
Ag <0.1 <0.1 Li <1 <1
Al 4 24 Mg <1 6
B 1.2 1.0 Mn <1 6
C 30+ 5 7+t5 Mo <3 <3
Ca 30 10 Na <15 <15
Cd <0.5 <0.5 Nb <100 <10
C1 55 48% Ni 40 36
Co <2 <2 Pb <1 6
Cr 48 <3 Si 6 <6
Cu <1 <1 Sm <1 <0.5
Dy <l <0.5 Sn <1 <1l
Eu <0.1 <0.1 Ti <10 5
F 15% 18% U 34. 12 wt% 34.01 wt%
Fe <14 <14 Vv <11 40
Gd <0.5 <0.2 w 61.37 wt%h 61. 41 wt%
Zr <100 <5
+ The O/U ratio of the as-received particles was not determined

because of sampling difficulties. The O/U ratio of as-hot pressed
pellets made from these particles was 1. 999 + 0. 009 as determined
from the lattice parameter of the UO,.

kY3
w

Average of four analyses as follows:

Particle Chlorine Fluorine
Size Content Content
Source of Analysis (um) (ppm) (ppm)
NUMEC ) 200 51 <10
Apolilo, Pennsylvania 20 50 <10
General Electric Company 200 41 + 17 <5
Pleasanton, California 20 36 + 15 615
General Electric Company 200 58 7
San Jose, California 20 67 16
AEC (New Brunswick Lab) 200 70 37
New Brunswick, N. J. 20 40 40

11




Figure 2. 20 um Particles as Received

Figure 3. 20 pum Particles As Received

T
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Figure 4. 200 um Particles as Received

Figure 5. 200 um Particles as Received




Figure 6. Cross-section of 200 um Particles
as Received

Figure 7. Cross-section of 20 pm
Particles as Received
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The effects of thermal treatment on the as-received particles
were investigated. Isothermal heat treatment at 1800°C for 24 hours
in vacuum led to thermal etching of the tungsten grain boundaries as
shown in Figure 8. Some precipitation of gas bubbles, apparently due
to halide impurities in the tungsten resulting from the coating process,
is evident on the tungsten grain boundaries as shown in a scanning
electron micrograph of the fracture surface (Figure 9) of a 200 micro-
meter particle shell. The UO, was densified often with the formation
of a few dense grains in the case of the 200 micrometer particles as
shown in Figures 10 and 11. The densification of the UO) in the larger
particles led to release of the UO, on sectioning once the shell was cut
at the midplane, indicating that the'pea-in-a-pod 'concept of the uo,
particles in the tungsten shell could, indeed, be achieved. Note, also,
the sintering together of the tungsten shells in Figures 8 through 11,
Heat treatment at 2000°C for 16 hours produced approximately the same

microstructural changes in the UO, and tungsten.

The response of the particles to thermal cycling was explored
by exposing them to 20 cycles from 150 to 1600°C (total time at 1600°C
was 10 hours) in an argon atmosphere., The details of the thermal cycle
will be discussed later. This treatment, Figure 12, resulted in
exaggerated thermal etching of the tungsten grain boundaries com-
pared to the 1800°C for 24 hours heat treatment, as well as sintering
together of the particles. There also appears to be considerable
breakup of the coatings on the small particles as shown in Figure 12
and in metallographically prepared cross sections of the particles
(Figure 13). Densification of the UO, was again extensive, with the
formation of several dense grains in the larger particles (Figure 14)
with partial or total separation of the grain boundaries of the UO,
(Figure 15). This may be the result of gases trapped in the porous
UO, at the time of deposition of the tungsten coating.

Both the 20 micrometer and 200 micrometer coated particles

were heated in a tungsten Knudsen cell and the gases emitted were

15
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20 pum Particles After Vacuum
Heat Treatment at 1800°C for
24 Hours (Note 200 pum Particle
at Upper Right)

\ d
NP 2770

Figure 9. Fracture Surface of Tungsten
Shell on 200 um Particle After
Vacuum Heat Treatment at
1800°C for 24 Hours (Note
Bubbles on Tungsten Grain
Boundaries)




Figure 10.

T

Figure 11. Fracture Surface of Vacuum
Heat Treated Particles (24 Hours
at 1800°C)—Note Dense UO,
Grains in 200 pm Particles

Cross-section of Vacuum Heat

Treated Particles (24 Hours at
1800°C)—Note Densification of
UO, and Large Grains in the

200 pum Particles

" NP 2773




Figure 12. 20 um Particles After 20
Thermal Cycles (150°C to
1600°cC)

¥ & 3} ‘
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Figure 13. Cross-section of 20 yum
Particles After 20 Thermal

Cycles (150°C to 1600°C) I3




Figure 14. Cross-section of 200 um Particles
After 20 Thermal Cycles (150°C
to 1600°C)—Note Large, Dense
UO, Grains and Grain Boundary
Pores

Figure 15. Grain Boundary Bubbles (or
Pores) in UO5 in 200 pym
Particles After 20 Thermal
Cycles (150°C to 1600°C)




B 11110113,

analyzed by time-of-flight mass spectrometry. Analysis of the 200
micrometer particles indicated a briefly observed peak corresponding
to release of atomic chlorine at 1450°C, lasting only a few minutes,
Above ISOOOC, the vapor species emitted by the specimens were
identical to those emitted by UO,. No F, HF, HCIl, W or U fluorides
or chlorides were observed at any temperature to 2038°C. Analysis
of the 20 micrometer particles indicated emission of what was inter-
preted as a mixture of tungsten halides (mainly chlorides) from com-
positions in the range WC14 to WC16 above approximately 1200°C.
The intensity of emission increased with temperature depleting with

time under isothermal conditions.

It is possible that, because of the smaller surface-to-volume
ratio of the large particles, the tungsten halides observed in the case
of the small particles were below the detection limit for the mass
spectrometer when analyzing the very small sample of large particles.
The results do indicate that it is possible to remove some of the
trapped halides from the coated particles by heat treatment above
1200°C. The efficacy of such a treatment for removal of the halides

was not determined.

The chemical specifications reflect the state-of-the-art in
fabrication at the initiation of the work. There was a conscious
attempt to decrease fluoride content at or below 10 ppm. In retrospect,
the ability to specify chloride content was not obtainable at that time.
The problem was severely compounded by the precision and accuracy
of analytical methods to establish the total and individual halide levels

as indicated in Table 1.
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FABRICATION OF CERMET BODIES

PARTICLE BLENDING

Attempts were made to achieve a high packing density and
uniform distribution of the nominally 20 and 200 micrometer coated
particles by rolling them in a graphite hot pressing die prior to
application of temperature and pressure. Varying degrees of success
were achieved but a uniform distribution of the two types of particles
throughout a cermet pellet with dimensions of approximately 1/2-inch

diameter and l-inch long after densification was not obtained.

(14)

to obtain the desired high packing density and uniform distribution of

The particle blending technique of Ayer and Soppet was used
particles throughout the cermet pellet. By this technique, the larger
particles were loaded into a graphite hot pressing die and were vibrated
to minimum volume. During this process a slight load was applied to
the column of particles with a screen-ended thimble, the mesh size of

the screen being too small to pass the large particles, but large enough

to readily pass the small particles (80 mesh -- 117 micrometer opening).

The screen-ended thimble was then locked into position with respect to
the bottom plunger of the graphite die to restrain the large particles at

their minimum packing volume. The small particles were then vibrated
through the restraining screen and penetrated throughout the interstices

of the larger particles.

Ayer and Soppet observed experimentally that for a system of
single-sized spherical particles in a die in which the die cavity is
greater than 10 times the diameter of the largest particle, the maximum
packing density, P, where Pd is the percentage of available void

volume occupied by the particles, is given by the relation:

Py = [0.867 - 0.269 exp (0.201 dy/d,)] 100%, (1)
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where dj and dy are the diameters of the larger and smaller particles,
respectively. For the case of the coated particles with a diameter ratio
of approximately 10/1, this relation gives a maximum packing density of
83. 1 percent, The relations of Ayer and Soppet also show that the com-
position of the particle mixture to achieve this maximum density is 23. 6
percent small particles and 76, 4 percent large particles by weight.
Some deviation from the maximum packing density is to be expected

for the coated particles because of deviations of the particles from
sphericity and because of the distribution of particle sizes, albeit
narrow. Measured packing densities for such blends of the coated

particles were in the range of 81 to 84 percent.

The apparatus for loading the dies is shown in Figure 16 and a
schematic diagram and outline of the die loading procedure is given in
Figure 17. The vibrator used was a simple engraving tool with the
vibration amplitude adjusted to give a maximum flow rate of the small
particles through the interstices of the larger particles. To avoid
continuing damage to the dummy stainless steel die plunger (described

in Figure 16), the normal engraving tool was replaced by a blunt shaft,

HOT PRESSING

The coated particles were loaded by the process described
above into graphite (GRAPH-I-TITE "G", Carborundum Company,
Sanborn, New York) double-acting hot pressing dies. The graphite
plungers were machined from the same material. The die cavity
was 0.50-inch in diameter and the total particle charge was 44 grams.
Cermet specimens were densified by heating in vacuum (5 x 1074 torr)
at approximately 95°C per minute to 1700°C, then rapidly applying
pressure to the desired level on the specimen, and holding under
those conditions for 10 minutes. The pressure was then removed

and the cermet cooled to room temperature at a cooling rate of
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236 wt % 20p particles

Stainless steel - screen-

Thumbscrew ended thimble

Vibration cage\

—

Graphite die

Dummy stainless steel
die plunger \

Die support ring

T —76.4 wt % 200y
particles

60 CPS Vibrator

NP 2778

Figure 16. HOT PRESSING DIE LOADING APPARATUS
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Load Large Particles

(76.4 wt %)
a) Vibrate to minimum
volume

b) Lock screen-ended
thimble in place
with thumbscrews

Add Small Particles
(23.6 wt %) Through
Screen with Vibration

Remove Screen-Ended
Thimble; Replace with
Graphite Plunger

Invert Loading Assembly,
Remove Die from
Vibration Cage

Remove Dummy Stainless
Steel Die Plunger;

Replace with Graphite Die

Plunger; Hot Press

Figure 17. FLOW DIAGRAM FOR DIE LOADING PROCEDURE
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approximately 40°C per minute, The effect of pressing pressure on
resulting cermet density obtained by this hot pressing procedure is
shown in Figure 18. (See Appendix A for the theoretical density of

the cermets. )

The hot pressing procedure led to carbon contamination of the
cermet pellets near the pellet surfaces. When observed in polarized
light, polished sections of the cermet cross-sections show a sharply
defined surface layer of optically active grains to a depth of 0. 013
inch from the surface. Microhardness probes of the tungsten matrix
surrounding the large particles as a function of radial position on a
transverse cross-section of the cermets indicated an abrupt transition
from hard (DPH 1875) to soft (DPH 375) at nearly the same depth from

the surface. The uniformity of hardness across the remainder of the
cermet diameter and the correspondence of the ""hard'" surface layer
with the optically active layer in polarized light were taken as evidence
that these indicators marked the limit of carbon penetration into the
cermet pellets. This contaminated surface layer was removed by

grinding before subsequent testing of the cermet bodies.

After grinding, any exposed UO,; was removed from the sectioned
surface cells by dissolution in hot concentrated nitric acid followed by

thorough rinsing, ultrasonic cleaning and vacuum drying at 110°C.

HEAT TREATING

Heat treatment of the fabricated cermets or of the particles as
previously described was conducted in vacuum (approximately 2 x 10'6
torr) in a tungsten resistance furnace or in the dilatometer apparatus
tube described in flowing argon at 1 atmosphere. Heating and cooling
rates were limited to approximately 35°C per minute and the heat

treatment temperature was maintained to within about 25°C,
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TESTING APPARATUS AND PROCEDURE

APPARATUS

An inductively heated tungsten differential dilatometer was
used for both thermal expansion measurements and thermal cycling
of the cermet bodies. The dilatometer and associated equipment are
shown schematically in Figures 19 and 20, The temperature was
controlled either by a W/W-25 w/o Re control thermocouple contacting
the susceptor (not shown) or by the automatic optical pyrometer as
shown in Figure 20. Temperature was measured with a calibrated
optical pyrometer through the blackbody holes in the tungsten susceptor
and correction was made for the absorbency of the Vycor chamber.
Below 7OOCC, the temperature was determined with the thermocouple
based on extrapolation of the thermocouple millivolt output versus
specimen temperature obtained at high temperature with the optical

pyrometer.

Both thermal expansion measurements and thermal cycling were

conducted in slightly greater than 1 atmosphere of flowing argon,

THERMAL EXPANSION TESTING

Thermal expansion measurements were made by comparing the
change in length of the sample with that of a tungsten blank, The
measurements were made at a series of temperatures after the black-
body cavity containing the specimen had been at the desired temperature
for a sufficient length of time that there was no longer a detectable drift

in the LVDT readings with time.

A temperature dependent calibration factor for the dilatometer
apparatus was determined by running two tungsten blanks. Calibration
of the apparatus was repeated at frequent intervals during the course of

thermal expansion and thermal cycle testing.
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Figure 19. Induction Heated Thermal Expansion and Thermal Cycle Testing Dilatometer
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The thermal expansion of tungsten was assumed to be as

given by Conway;(é)

AL
— x100=1.14%10"3+3,68x10"4T +8.24 x 10-8 T2, (2)

Lasoc ‘

where AL is the change in length from 25°C to the temperature of interest
T (in °C) and L,goc is the length at 25°C,

Comparison of the results obtained with the tungsten dilatometer
with those obtained on the cermet specimens by optical (telemicroscope)
(15)

determination of the thermal expansion

greater than+0.02% AL/L.

indicates an accuracy

Typical thermal expansion results are shown in Figure 21,
which shows the data points taken both on heating and cooling of the
as-fabricated specimen #210. The curve drawn through the data was
obtained by least-squares fit to a binomial expansion equation through

the point representing zero expansion at 25°C; i. e.,

% AL

— = A(T-25°C) + B(T-25°C)%, (3)

where A and B are the constants determined from the data and T is

the temperature in °c.

THERMAL CYCLING TEST CONDITIONS

Thermal cycle testing was conducted in the same tungsten .
dilatometer as used for thermal expansion measurement; the speci-
men length was continuously monitored during thermal cycling by
comparison with the tungsten blank using the LVDT's, The W/W -
25 w/o Re thermocouple was used in conjunction with a closed-loop

programmer-controller to operate the induction heater power supply

during thermal cycling.
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The thermal cycle used for testing the cermet dimensional
and structural stability consisted of heating from 150 to 1600°C at
a constant heating rate (34, SOC/minute) in 42 minutes, hold at 1600°C
for 30 minutes, cooling as rapidly as possible to 150°C (approximately
13 minutes) and holding at 150°C to a total cycle time of 90 minutes.
The thermal cycle testing time-temperature profile is shown in
Figure 22 with a previously used testing cycle between 150 and 1600°C

for comparison,

The choice of thermal cycle testing conditions is a necessary
compromise between the desire to simulate anticipated irradiation
experiment or reactor operational conditions with some undetermined
additional severity factor, testing apparatus limitations and testing life
limitations, The expected heating conditions for irradiation experiments
allow approximately two hours for heatup from reactor ambient (600°C)
to the operating temperature (approximately 8. 5°C/minute). Thus, the
heating rate incorporated in the testing cycle is approximately four
times that anticipated for irradiation testing of cermet fuels and,
in addition, it covers a 450°C broader temperature range., The hold-

(8)

time at the maximumtemperature is believed to be important in
limiting damage to tungsten-UO, cermet structures. Hold times of
only 5 minutes were observed to result in more damage to the micro-
structure than hold times of 60 minutes. Thus, a compromise of 30
minutes at the maximum temperature was used for the thermal cycle
testing conditions. It should be pointed out that reactor experiments
or operation would undoubtedly lead to average hold times considerably
in excess of 30 minutes (e. g. , ~300 hours for average irradiation
experiments) which implies that the testing cycle again imposes a
certain degree of additional severity with regard to the hold time at
temperature. Cooling rates to be expected in thermionic devices on
reactor scram or withdrawal of an irradiation assembly may some-

what exceed the maximum possible cooling rates achievable with the




SNOILIANOD 1531 310AD IVINHIHL  '2Z 34NOI4
(s8Inui) aw )
ove 0ce 00¢ 08L 091 ovL oclL 0oL 08 09 oy 0c
018z dN ! J l J T T | T T T T

8j0A] jetusay |
pasn Ajsnoinald
l i

(00001 ) 8amesadwa |

8l

33



-

thermal cycling device due to the additional energy transfer from
electron cooling and the greater thermal inertia of the testing
apparatus. The cooling rate achieved is at least as severe as any

previously used for thermal cycle testing of cermets.
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EXPERIMENTAL RESULTS

STRUCTURE OF AS-FABRICATED CERMETS

The uniformity of the distribution of small and large particles
in the cermets is illustrated in the cross-sections of a high density

(approximately 95 percent) as hot pressed specimen shown in Figure 23,

Two types of cermet structures were thermal expansion and
thermal cycle tested; i. e., nominally 90 and 95 percent of theoretical
density, The microstructures of these two types of cermets as fab-
ricated are shown in Figures 24, 25, 26, and 27.

Essentially all of the interparticle porosity was eliminated in
the 95 percent density specimens as shown in Figures 24 and 25. Some
void was retained inside the tungsten shell of the large particles both
in the form of a slight particle-matrix gap and more or less uniformly
distributed porosity throughout the fuel. The few grain boundaries that
do exist in the large UO, particles appear to be essentially continuous
networks of porosity, or even a gap. Most of the small particles have
been essentially completely densified, with an occasional large pore
retained in the fuel. There is some breakup of the continuous tungsten

matrix in the small particles.

Some interparticle porosity was not eliminated in the case of the
low density (90 percent) specimens as shown in Figures 26 and 27. The
large particles show considerable connected porosity retained in the
UO‘2 and a slight particle-matrix gap (Figures 26 through 29). The UOZ
appears as fairly large (>20 micrometer diameter) dense grains in
the large particles. There are afew <1 micrometer diameter bubbles
on the tungsten grain boundaries and, also, on the UO; grain boundaries
(Figures 28 and 29). The small particles again appear to either contain

a single pore or no porosity.
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Figure 23. Longitudinal Cross-section of as Hot-Pressed High Density (95%) Cermet—
Note Uniformity of Particle Distribution
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%Y Figure 24. As Hot-Pressed High Density
: (95%) Cermet (No. 205)

Figure 25. As Hot-Pressed High Density
(95%) Cermet (No. 205)




Figure 26. As Hot-Pressed Low (90%)
Density Cermet (No. 216)

,I
- :.?;‘

g <
o}
..‘ NP 2785

Figure 27. As Hot-Pressed Low (90%)
Density Cermet (No. 216)




Figure 29. Fracture Surface of Low (90%)
Density Hot-Pressed Cermet—
Note Grain Boundary Bubbles in

Tungsten

Figure 28. Fracture Surface of Low
Density (90%) Hot-Pressed Cermet—

Note Open Porosity and Grain
Boundary Bubbles in Large UO,
Particles
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SUMMARY OF EXPERIMENTAL TESTS AND SPECIMEN HISTORY

The specimens fabricated and the experimental tests conducted
are summarized in Table 2. The chronological history of a specimen

is read from left to right in the table,

THERMAL EXPANSION BEHAVIOR OF CERMETS

The cermet thermal expansion behavior is summarized in
Table 3 which gives the results of least-squares analysis of the
expansion data for each specimen and lists the expansion evaluated

from the least-squares analyses at 1600°C,

The thermal expansion of the as-fabricated 95 percent dense
specimens is shown in Figure 30 where it is compared with the expan-

sion of tungsten, (6) Uo,, (5)

and previously studied conventional
tungsten-60 volume percent UO, cermets. The expansion of the cermets
in this group showing the largest expansion (#212) and the lowest expan-
sion {(#210) in the as-fabricated condition are shown as well as the mean

expansion of the group which is given by the relationhip:

DAL
4 "(T-25)?, (4)

= (3.424 +£0,291) x 10 "(T-25) + (1. 865 +0.139) x 10~

where the tolerance limits are for the 90 percent confidence interval
for the mean (i. e., the mean value of the thermal expansion of the
as-fabricated 95 percent dense cermets can be said to fall within the

range of the tolerance limits with 90 percent confidence).

Note that a considerable decrease in the thermal expansion of
the cermets compared to previous cermets of approximately the same

composition was achieved,

The effect of heat treatment for 24 hours at 1800°C on the

thermal expansion of the 95 percent dense cermets was studied on
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three specimens (#209, #211, and #212). The mean expansion of

these heat treated specimens is given by the following relationshi p:

TorLs

——

T = (4.169 £0.158) x 10" %(T-25) + (1. 378 £ 0. 538) x 10" (T-25)%,  (5)

where the limits express the 90 percent confidence interval for the
mean expansion as obtained from the least-squares fits of the experi-
mental data, The mean value and the 90 percent confidence interval
are shown in Figure 31 with the same confidence interval for the as-

fabricated specimens for comparison,

The thermal expansion of 95 percent dense specimens (#208
and #210) heat treated at 1700°C and at 1900°C also fell completely
within the 90 percent confidence interval for those specimens heat

treated at 1800°C shown in Figure 31,

Decreasing the density of the cermets to 90 percent of theoretical
had little effect on their thermal expansion in the as-fabricated condition.
The mean expansion of the 90 percent dense as-fabricated cermets is
given by the relationship:

%L 7

= (4.227 4 0, 301) x 10_4(T-25) +(1.313+£0.282) x 10~ (T—ZS)Z, (6)

where the limits are as before. The thermal expansion band described
by this relationship (equation 6) is shown superimposed on that of

the 95 percent dense as-fabricated cermets in Figure 32. Note the
close proximity of the means and the almost complete overlap of the

uncertainty bands,
Heat treatment of the 90 percent dense cermets at 1800°C

and 2000°C for 24 hours also failed to significantly alter the thermal

expansion as shown in Figure 33,
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The random nature of the effects of cermet density (90 to 95
percent) and heat treatment (24 hours at 1700 to 2000°C) on the
thermal expansion of the cermets is further illustrated in Figure 34
which shows diagrammatically the effects of these variations on the
cermet expansion at 1600°C as determined from the least squares fits
of the experimental data. Note that no clear trend of either of these
effects can be determined, let alone a quantitative assessment of their

effects,

Thus, from the experimental results, it appears that the
thermal expansion of the cermets is statistical in nature--i.e., it
does not have a set value as might be expected for a well annealed,
pure metal but rather, for a given set of specimens, a range of values
will be obtained. This range of values is undoubtedly the result of
variations in the starting material and the fabrication procedure.
Improved control of processing parameters might lead to improved
reproducibility of the thermal expansion of the cermets. Heat treat-
ment for 24 hours at 1700to 2000°C is not sufficient to eliminate this
innate variability in the thermal expansion of the cermets and, in fact,
it is expected that many specimens would be required to determine the
direction and the magnitude of any changes in expansion due to the heat
treatment. The limited number of specimens produced does not allow

a full appraisal of the spectrum of variability,

CERMET DIMENSIONAL CHANGES DURING HEAT TREATMENT AND
THERMAL EXPANSION MEASUREMENTS

The thermal expansion measurements (i.e., holding at various
temperatures up to 18000C) and heat treatments for 24 hours at 1700 to
2000°C produced some permanent dimensional changes in the cermets.
These dimensional changes are summarized in Table 4. It should be
pointed out that the permanent changes in dimensions were determined

by measurement of the specimens with a frequently-calibrated micrometer.
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FIUGRE 34. EFFECT OF HEAT TREATMENT FOR 24 HOURS
ON CERMET THERMAL EXPANSION AT 1600°C
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Table 4. PERMANENT DIMENSIONAL CHANGES OF CERMETS AS A RESULT OF
THERMAL EXPANSION
Treatment
Expansion Test Post
Expansion Test As-Fabricated Heat Treatment Heat-Treatment
Dimension Changes/Test
At Ao AL Ao | AL [ Apw
Specimen Test L D L D L D
umber Number (mils/inch) {mils/inch) {mils/inch) {mils/inch) {mils/inch) | (mils/inch)
i —_ L aaaea—————— —
206 1 0.2 0.2
2 0.7
3 0.5* 0.25*
4 0.6 0.25
(0.65)* (0.23)*
207 1 0.35* 1.0
2 0.35
3 0.35*
4 0.35 _
(0.35)" .ot
208 1 1.1 0.2 0.7 1.2
2 (1700°C) -0.2
(0.25)* (1.2*
209 1 1.25* 0.55* 26 2.0 0.1* 0.6*
2 1.25*% 0.55* (1800°C) 0.1 0.6
3 1.25* 0.55* 0.2* 0.55*
4 1.25 0.55 0.2* 0.55*
0.2* 0.55
(1.2 (0.55)* (0.16)* (057"
210 1 0.1* 0.0* 0.4 0.2 0.4* 0.35*
: 2 0.1 0.0 (1900°c) 0.4 0.35
(0.1) (0.00* (0.4) (0.35)*
211 1 0.9 0.2 0.1* 0.35*
2 (1800°cC) 0.1 0.35
3 0.6 2.2
(0.27)* (0.95)*
212 1 -0.1 0.0 13 0.0 -0.8 0.0
2 0.1 05 (1800°C) 0.0 0.0
s 0.35 0.0
(0.0} (0.25)* (-0.15)* (0.00*
216 1 0.45* 0.4* 1.2 0.0 0.0 0.0
2 0.45 0.4 (1800°C) 0.35 0.0
0.35 0.0
0.35 0.0
(0.45)* (0.a)* (0.26)" (0.00*
218 1 0.25 0.0 0.0 0.0 0.0 0.0
(0.25)* (0.00* (2000°C) (0.0" (0.00*

L )
*n

+

No measurement made; value estimated by averaging over consecutive test{s) with asterisks to first unasterisked value.
Measured at longitudinal midptane.
Average dimensional change per thermal expansion run {mils/inch).
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The estimated accuracy of such measurements are approximately
+ 0.2 mils per inch for length changes and + 0. 4 mils per inch for
diameter changes (see Appendix B)., The dimensional changes during
the thermal expansion runs were sometimes detectable as a slight

(15)

hysteresis between the thermal expansion data on heating and cooling,

The magnitude of the dimensional changes during a thermal
expansion run (e. g., a few tenths of a mil per inch per run) are not
indicative of a dimensionally stable structure since these changes, if
they persist, would amount to tens of mils per inch in the course of
a hundred such thermal treatments. Note that dimensional changes
per heat-up cycle are of the same order of magnitude as occurred
after heat treatment as well as before for most of the cermets. The
dimensional changes produced during a long-term hcat treatment
[i.e., 24 hours at 1800°C (specimens #209, #211, and #212)] were not
reproducible on the same type of cermet, It will be seen that these
permanent dimensional changes per heat-up cycle are approximately

the same as observed during thermal cycle testing.

The only indication of a microstructural change in the cermets,.
after thermal expansion testing was a possible growth or coarsening
of the grain boundary bubbles or pores in the UO, phase in the large
particles, as shown in Figures 35 and 36, compared with Figures 24
and 25, Tle qualitative nature of this observation should be emphasized.
Scanning electron micrographs of fracture surfaces of the thermal
expansion tested specimens showed no readily observable change from
the structure shown in Figure 29, for an as-fabricated low density

specimen,

Heat treatment of the high density cermets for 24 hours in the
range of 1700 to 1900°C lead to coarsening of the bubbles or pores in
the UO2 and opening up of the UO, grain boundaries and of portions of
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the particle-matrix gap in the case of the large particles as shown in
Figures 37, 38, and 39 (see Figure 24 for as-fabricated structure).
The heat treatments also produced considerable increase in the number
and size of the bubbles in the tungsten grain boundaries as shown in
Figures 40 and 41, when compared with the bubble structures before

heat treatment, previously shown in Figure 29,

THERMAL CYCLING BEHAVIOR OF CERMETS

The cermet thermal cycling behavior--i. e., the observed
diametral and axial dimensional changes--is summarized in Figures
42 and 43, The plotted points were obtained by measurement with a
frequently calibrated micrometer and the accuracy of these measure-
ments is as previously discussed (Appendix B). The continuous
record for the length changes of the cermets always agreed within a
few tenths of a mil per inch with the micrometer measurements and
showed only monotonic growth of the cermets with cycling. The
growth was essentially isotropic; based on the growth at 50 cycles,
the growth rate was in the range of 0. 30 to 0, 39 mils per inch per cycle

in both the axial and diametral directions for all three specimens tested.

The measured growth rates are nearly as large as any reported
when averaged over 100 thermal cycles for tungsten—UO2 7 cermets
and are approximately twice the largest growth rates obtained by hot

(1)

pressing of high density monodisperse tungsten-coated particles.

The detectable structural changes in the 95% dense cermet #215
after 50 thermal cycles were again associated with the surface or
grain boundary pores or bubbles in the tungsten and the large UO;
particles., In the tungsteﬁ, the grain boundary bubbles have begun to
link up significantly, with some boundaries essentially completely
separated as shown in Figures 44 and 45. The pores or bubbles on

the UO, grain boundaries and especially at the tungsten-UO, interface
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Figure 37. High (95%) Density Cermet Heat
Treated at 1700°C for 24 Hours

Figure 38. High (95%) Density Cermet Heat
Treated at 1800°C for 24 Hours




Treated at 1900°C for 24 Hours

Figure 39. High (95%) Density Cermet Heat
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Treated at 1700°C for 24 Hours

Figure 40. High (95%) Density Cermet Heat
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Figure 41. High (95%) Density Cermet Heat Treated at
1800°C for 24 Hours
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Figure 44. High (95%) Density Cermet After

50 Thermal Cycles (150°C to 1600°C)—
Note Link-up of Bubbles on Tungsten
Grain Boundaries

Figure 45. Fracture Surface of High
Density (95%) Cermet After 50
Thermal Cycles (150°C to
1600°C)—Note Link-up of
Tungsten Grain Boundary
Bubbles and Large Grain
Boundary Bubbles in U02
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are in an advanced stage of linking up after 50 thermal cycles as
shown in Figures 45 and 46. Note in Figure 44 that there was no
apparent penetration of the tungsten grain boundaries by the UO2

" as previously observed in conventional cermet structures.

The structural changes in the low density (90 percent) cermets
on thermal cycling were similar to those observed in the high density
specimens, with little detectable difference in the microstructures of
the specimens heat treated at 1800°C and at 2000°C prior to thermal
cycling. The UO, in the large particles was separated into a few very
dense grains, with almost complete separation at the grain boundaries
as shown in Figures 47, 48, and 49. Link-up of the bubbles at the UO,
surface was also very advanced. The structure of the tungsten was

equivalent to that in the thermal-cycled high density specimens,
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Figure 47.

Figure 46. Fracture Surface of High (95%)
Density Cermet After 50 Thermal
Cycles (150°C to 1600°C)—Note
Link-up of Surface and Grain
Boundary Bubbles of UO, Particles

Fracture Surface of Low (90%)
Density Cermet After 50 Thermal
Cycles — Note Large UO, Grains
and Link-up of Surface Bubbles

g
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Figure 49. Low (90%) Density Cermet
After 50 Thermal Cycles

§ Figure 48.

Fracture Surface of Low (90%)
Density Cermet After 50 Thermal
Cycles — Note Large UO, Grains
and Link-up of Surface Bubbles
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ANALYSIS AND DISCUSSION OF RESULTS

THERMAL EXPANSION

One of the goals of this study was to achieve a thermal expansion
of the cermet body approaching that of tungsten. The technique chosen
to achieve that goal was the mechanical decoupling of the fuel particles
from the tungsten matrix, with incorporation of sufficient void volume
at the particle-matrix interface to accommodate the excess thermal
expansion of the UO, over that of the tungsten; i. e., the "pea-in-a-pod"
concept. The degree to which this goal was achieved and the limitations

to further decrease in the thermal expansion will now be described.

The thermal expansion of the cermet body should be well described

by the relationship given by Lundln(16) (17)

(18)

phase; i. e.,

which is equivalent to that of

Kerner for a composite body o dispersed particles in a continuous

+ +
3Ky 4Gg 3K, 4Gg , (7)
KlVl N K, VZ .
3Ky + 4Gg 3K, + 4Gg
where K = bulk modulus, V = volume fraction, G_ = shear modulus of

g

the continuous phase (tungsten matrix), and a = expansion coefficient,
Note that this relationship assumes elastic interaction of the particles
and the matrix. The expected expansion of the cermets was calculated
by equation (7) for four cases, as shown in Figure 50, Three of the

cases considered are given below.

(1) The fully dense cermet; i. e., with all of the
porosity removed from both the tungsten and
the UOZ

(2) The 95 percent dense cermet; i. e, , with all

of the porosity removed from the tungsten
matrix, but the porosity (p UO, = 91% -- see
Appendix B) retained in the UO, with no fuel
particle-matrix gap.
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(3) The 90 percent dense cermet; i, e., with all of the
porosity removed from the tungsten matrix, but
the porosity (p UO, = 82. 6%) retained in the UO,
with no fuel particlze—matrix gap.

By comparison of these calculated expansions with that observed
on the 95 and 90 percent dense cermets (Figures 32 and 50) it is apparent
that some decoupling of the mechanical fuel particle-matrix system was
achieved. The property values used in these calculations are listed in
Table 5.

The microstructures of the cermets (e. g., Figures 25, 27, and
36 through 40) suggest that whereas a fuel particle-tungsten matrix gap
was achieved at least to some extent for the large particles, there was
no such gap achieved for the small particles. Thus, if complete decoupling
of the large particles but no decoupling of the small particles was achieved,
the expansion of the cermet would be given by equation (7) by assuming
that the expansion of the large particles was as if they were all tungsten.
To evaluate that case for the composition of the cermets in this study,
the volume fraction UO, contained in just the small particles (0.15) was
used in equation (7) and is also shown in Figure 50. Note that the expansion
calculated for a cermet with completely coupled small particles and com-
pletely decoupled large particles falls within the 90 percent confidence

interval for the mean expansion of the cermets to approximately 1700°C,

The difference in slope of the calculated expansion and the mean
measured expansion of the cermets can be interpreted as evidence of
progressive closing of more and more of the fuel particle-tungsten matrix

gaps as higher temperatures are achieved,

The thermal expansion results clearly indicate that some
mechanical decoupling of the particle-matrix system was achieved.
Further, the magnitude of the thermal expansion decrease achieved
and the microstructures of the cermets are consistent with a model

in which the large particles are essentially completely decoupled and
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the small particles are not at all decoupled. Based on this inter-
pretation of the results, even further decreases in the expansion of

the cermet structure could be achieved by some means capable of
achieving a particle-matrix gap for the small particles and by increasing

the size of the gap in the case of the large particles.

MICROSTRUCTURAL CHANGES

The only obvious microstructural changes in the cermets due
to heat treatment and thermal cycling was the development of grain
boundary bubbles in the tungsten and in the UO,. It is possible that
these bubbleg could he responsible for a significant portion of the growth
of the cermets. The following is an analysis of the order of magnitude
of the dimensional changes to be expected from these microstructural

changes.

1. Tungsten

Consider the permanent dimensional changes that would result
from the precipitation of grain boundary bubbles as observed in the
tungsten matrix (Figures 29, 41, 45, 46, 47, 48 and 49) and the concen-
tration of gas in the matrix that would be required to give such a

distribution of bubbles,

Specimen 209 (Figure 41) in the heat treated condition (24 hours
at 1800°C) was chosen for analysis to obtain the order of magnitude of
the dimensional changes associated with the grain boundary bubbles in
the tungsten and the required gas concentration to give such a bubble
distribution. This simple model, as shown in Figure 51, was used as

a basis for the calculations.




NP 2807

Figure 51. Model for Calculation of Grain Boundary Bubble Swelling and
Gas Concentration in Tungsten Matrix
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This model assumes that the tungsten shell on the large UO;
particles is spherical, of radius rg (rg = 118 umm}* that the tungsten
shell is only one grain thick (thickness t = 22. 0 4)*, and that the
tungsten grains are hexagonal in cross section, with edge lengths lg
(ﬂg = 15 dm, estimated from the scanning electron micrographs). For
such a model, the total radial grain boundary area; i. e., the grain
boundary area that could contribute to dimensional changes due to gas

trapped during the deposition of the refractory metal shells is given by:
. _ 2
Grain Boundary Area per Sphere = 8 Trg t/(/3 Zg) (8)
(Note that two grains share a common boundary)

From the photomicrographs, there is obviously a distribution

of bubble sizes, and the total volumetric change due to the bubbles is:

© 3
Tizo (N:d{), (9)

o 3

® T 3
av = Zi=o(‘6‘ Nidj ) =

where the i's refer to a given size of bubble. For a distribution of

bubble sizes, the volume mean diameter**, d, is given by:

d, = 3/ Nydj (10)
IN;
L
IR R 11
thus, AV = d_ (IN;). (11)

Calculated assuming a uniform 16% reduction in volume due to
pressing 250um diameter particles from 80% to 95% density and

54 volume percent UO, in the final particle.

** The volume mean diameter is that value of diameter which then
cubed and multiplied by the appropriate geometric constant (T/6)

gives the mean volume of a bubble in the distribution.
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The total number of bubbles, ZN;, is equal to the measurable
bubble concentration per unit grain boundary area times the grain

boundary area; i.e.,
ZN-l = Ny bubbles/cm2 x 8nr§ t/(/3 lg)i (12)
and hence,
-3 2
md, NB 8nrg t
6 /3lg

=3
AV mNg dV t

and ~ —mg—;;— . (14)

AV =

The concentration of gas atoms required to give the observed
bubble distribution can be estimated as follows. If the bubbles are
spherical and no hydrostatic stresses exist, the pressure in a given
bubble, Pi’ is given by:

p =L (15)

L r’L

where Y is the surface energy of the matrix metal.

If the gas is ideal, then the number of moles of gas in a given

bubble, at the heat treatment temperature T (°K) is:

2y d%

%% 3RT (16)

7
where R is the gas constant, (8.31 x 10 erg/oK mole).

As above, the total number of moles of gas, nT, is then given
by:
- 2
_ ZTT'YZ'l:o (Nldl )

n =
T TRT . (17)
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The surface area mean diameter®, dg, is defined by the

relationship:

(18)

ar =T 3RT (19)

and since ZN; = Ng bubbles/cmz of grain boundary area times the total

grain boundary area, the total number of moles of gas in bubbles on a

sphere is n, where

. 16 TTZ yai NB ri t
np = RTf, (20)

The concentration of gas [G ] is readily obtained from:

(21)

[G]= n M moles of gas
4ﬂr§ tp moles of W ’

where M is the molecular weight of the matrix metal and pis its density.

The photomicrographs of Specimen 209 were analyzed to
determine the distribution of bubble sizes; only bubbles on grain surfaces
were analyzed, not those at corners or on edges. The results are shown

on a log-probability plot in Figure 52.

The surface mean diameter, dg,

d,» were computed from the observed geometric mean diameter on a

and the volume mean diameter,

*The surface area mean diameter is that value of diameter which when
squared and multiplied by the appropriate geometric constant () gives

the mean surface area in the distribution,
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counting basis -(_i_g (50% size) and the geometric standard deviation,

(o
Og (84. 13% size/50% size), by the relations as given by Orr. (24)
log d, = log d,_+2.3026 log? o4+ and (22)
= o T 2
log dy = log dg_+3.4539 log” 0. (23)

The following values were found to describe the bubble

distribution:
dgc =1,17 um,
2g = 1. 69 ym,
ds =1.54 um, and
dV =1,77um.

The volumetric dimensional change corresponding to the
estimated bubble concentration (4.5 x 106/cm2 of grain boundary

area)as given by equation (14) is:

AV

~ = 0. 54%,

or the linear dimensional change is estimated to be:

AL _ar L
3

L T

AV

~ - 0.18% = 1. 8 mils/inch.

The number of moles of gas in the tungsten shell required to
produce the observed bubble distribution assuming equilibrium at
1800°C, the heat treatment temperature for specimen 209, and 1000

erg/cm2 as the surface energy of tungsten is (equation 20):

_ -12
o = 3.9x 10 mole,
The calculated concentration of gas in the tungsten matrix,
as given by equation (21} is:

6

[G]=9.7x 107" = 9,7 ppm (mole basis).
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If the gas giving rise to the bubbles is due to the halide
impurities and the weight ratio of these elements is approximately
4Cl1/1F, as indicated by the chemical analysis, the observed bubble
distribution requires only ~0. 6 ppm F and 2. 6 ppm Cl on a weight
basis if the halides are present as gases containing two atoms of
halide per molecule--e.g., WF, and WCl, or F, and Cl,. The
required halide impurity content is directly proportional to the number
of halide atoms per gas molecule--e.g.,if WF¢ and WCly, the impurity
level indicated is approximately 1.8 ppm F and 7. 8 ppm Cl.

2. Lo,

Consider the process of chemical vapor deposition of tungsten
by thermochemical reduction of the hexachloride on porous (~70% dense)

UO2 particles. Possible deposition reactions include:

Chlorine Content per
Mole of Product Gas
(Moles Cl/mole product
gas)

WCl, (g) + 3 H, (g)

(4 moles of gas)

W(s) + 6HCI (g) 1
(6 moles of gas) (24)

2WCl, (g) + 5Hy (g) = W(s) + WCl,(g) + 10HCI(g) 12/11 = 1. 09
(7 moles of gas) (11 moles of gas) (25)
2WCly (g) + 4Hy(g) = W(s) + WCly (g) + 8HClL(g)  12/9 = 1.33
(6 moles of gas) = (9 moles of gas) (26)
4WCly (g) + THy(g) = W(s) + 2WClg(g) + 14Cl(g)  24/16 = 1.50
(11 moles of gas) = (16 moles of gas) (27)

Note that the deposition reaction in all cases results in more
gaseous products than reactants (approximately by 1.5). Thus, as a
conservative minimum, it can be assumed that there is no change in
the gas content (moles) of the pores in fuel particles during the deposition

process.
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As the tungsten is deposited on the porous particles, it will
rapidly develop an impervious layer at the particle surface effectively
trapping any gas contained in the porous UO, particles. If the particles
are spherical and the pores are open (connected to the surface as would

. be expected for fuel densities less than 95% of theoretical), the
number of moles of gas trapped in a porous particle nTp—-assum'mg
ideal gas behavior--is:

4mr3(1-pg) P

T, " 3RT ; (28)

6
where P is the deposition pressure (~1 atmosphere), or 1 x 10 dyne/cm ,
r is the particle radius,
R is the gas constant,

T is the absolute deposition temperature (~1200°K for the chloride
process, and

Ps is the fraction of theoretical density of the fuel particles (e. g., 0. 7).

If the porous particles are approximately 200 ym in diameter,
equation (28) gives a total gas content in the particle pores of:

nt_ = 1.28 x 107! moles.

Assuming the gas to be all product gas from the above listed
reactions (equations 24 through 27), the chlorine content of the fuel
particles due to the trapped gas would be in the range of 14.2 to 21.3
ppm by weight depending on the state of reduction of the tungsten
chloride. Note that this is approximately half the observed chlorine

impurity level,

The structure of the particles with respect to the distribution
of the trapped gas should be considered at three stages in the history
of the cermets: (a) initially, just after coating with tungsten; (b) in
an intermediate stage after densification by hot pressing; and (c) after
heat treatment to an end-point equilibrium condition when the gas is

completely agglomerated.
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(a) As Coated

In the coated condition, the pore or bubble structure will
be unaffected by the presence of the gas; thus, from microstructural
observations of porous UOZ’ we expect that the pores will be approximately
1l pm in diameter and the amount of gas in each pore is given by the ideal
gas law, The amount of gas in each 1 um diameter pore for a deposition

-18

pressure of 1 atmosphere at 1200°K is 5.3 x 10 moles of gas per pore

and the total estimated number of 1 um diameter pores or bubbles per
particle is 2.4 x 100 (1.28 x 1071 moles per particle per 5.3 x 10-18

moles per pore).

(b) Intermediate Stage

The as hot-pressed condition of the fuel particle
microstructure can be approximated by assuming that the number of
pores or bubbles does not change drastically during the short hot
pressing time, and only their size changes due to the pressure and
surface energy forces during the hot-pressing process. Neglecting
for the moment the external pressure and considering only the surface
energy restraint, the equilibrium pressure in the bubbles, P, is given

by the relations:

2 n,RT
p=°Y and = (29)
r. V-l
where y is the surface energy of the fuel,

r; is the radius of an individual bubble,
Vi is the volume of a bubble, and

n; is the number of moles of gas contained in the bubble,

Combining terms in equation (29) gives the following
relationship for the equilibrium bubble size (assuming no change in

the number of pores):

3n; RT %)
Tit\T8ny /) (30)
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which when evaluated at the hot-pressing conditions (T is ~2000°K

and assuming that )’UQ2 = 1000 erg/cmz) gives a value of the pore

radius of r{ ~0. 1 um. Note that this size is well below the detection

limits by standard metallographic techniques. The additional restraint
- due to the pressing pressure only serve to further reduce the calculated

size of the bubbles at this stage in the development of the cermet

. microstructure.

(c) End-Point Heat Treated Condition

Heat treatment of the fuel structure described above--i. e.,
minute unobservable bubbles distributed throughout the fuel--is expected
to result in agglomeration of the gas through diffusional processes,
either by atomistic diffusion or migration and collisional coalescence of
the bubbles as entities. The bubbles will become pinned on grain
boundaries with subsequent release of the trapped gas by diffusion along
the grain boundaries or by two dimensional diffusion of the bubbles along
the grain boundaries, or by more or less complete deterioration of the
grain boundaries by link-up of adjacent bubbles. Thus, the expected
equilibrium end-point condition is reached when all of the gas is released
from the fuel particles to the fuel particle-tungsten shell gap or interface.
Because of the much larger radius of curvature of the bubble when the
upies the fuel particle-tungsten matrix gap--i.e., ~200 Um
diameter--the external pressure restraint forces cannot be neglected
in determining the equilibrium volume occupied by the released gas.
Thus, in this case, the gas pressure PW in the tungsten shell when the

gas is completely released to the gap is given by:

. Py = YW 4P, (31)
Tw
L4
where YW is the surface energy of the tungsten (assumed to

be approximately 1000 erg/cmz‘ as before),
W is the equilibrium inside radius of the tungsten
shell, and

Py is the external pressure acting on the tungsten shell.
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Again assuming ideal behavior of the gas and that the
fuel behaves as a spherical ''pea-in-a-pod', the following relationship
is obtained:

3
4, 2Yywry3 3 3nT RT ZYWrF
—_— + —5— =

Tw ) T Py rw - =0, (32)

H H

where rg is the radius of the fully dense fuel particle, and
nT is the total number of moles of gas trapped in the tungsten

shell as before.

Note that the radius of the fully dense fuel particle, T, s
determined from the initial fuel particle density, Pss and its initial
radius, ros by the relationship:

1/3
rp = (pr)t/3,

(33)
Substituting the proper values in equations 32 and 33,
assuming an initial fuel particle radius of 100 Um and an initial fuel density
of 70% of theoretical, the equilibrium inside radius of the tungsten shell
surrounding the fuel particle when the external pressure on the system is
1 atmosphere at 1900°K (approximately the thermal cycling maximum
temperature) is rw - 103. 3 Mm. Thus, at the final end-point configuration
with all of the gas in the fuel particle-matrix gap and with the UO;
completely densified, we expect a linear dimensional increase of 3.3%
or 33 mils per inch at 1900°K. Note that this is considerably (~X2) in
excess of the dimensional change observed after 50 cycles to 1600°C
(~1900°K). It appears that all of the dimensional changes occurring in
the cermets during heat treatment and thermal cycling could be accounted
for by the redistribution of the gas trapped in the porous UO, particles
during the deposition of the tungsten coating, If this is indeed a large
contribution to the dimensional instability of the cermets as the micro-
structures indicate, only by eliminating the incorporation of gas can the
dimensional stability be improved. A technique for coating the particles

that does not inherently trap gas in the porous fuel particles as by powder
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metallurgy, or a technique for making the porosity unavailable to the
gas by forming an impervious skin on the UO2 particles as by dropping
them through a plasma should thus be possible routes to improved

dimensional stability in the cermet concept developed here.
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CONCLUSIONS

Based on the results of this study, the following conclusions

have been drawn.

FABRICATION OF CERMETS

Uniform cermet pellets were fabricated by loading nominally
200 um tungsten-coated porous UO, particles in a graphite die, followed
by filling of the interstices between the 200 um particles with similar
particles with a nominal diameter of 20 um. The as-loaded packing
density in the graphite dies was approximately 80%. The pellets were
compacted to 90 and 95% of theoretical density by hot pressing in the
gra phite dies at 1700°C with 4000 and 6000 psi applied pressure. The

fully dense UO, loading of the cermets was 53 volume percent.

THERMAL EXPANSION

The thermal expansion behavior of the cermets is given by the

following relations:

(a) For the 95% dense cermets:

————%LAL = (3.424£0.291) x 10”4 (T-25) + (1. 865 +0.139) x 10~ (T-25)°
(b) For the 90% dense cermets:
RiL ﬁL = (4.227+0.301) x 10~4 (T-25) + (1.313 +0.282) x 10”7 (T-25)%

Heat treatment of the cermets for 24 hours in the range of 1700 to
2000°C did not s ignificantly alter the thermal expansion behavior of the
cermets based on the few specimens tested. This measured expansion

is significantly below that for conventional cermets made from
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single-size, coated particles of approximately the same composition
and below that calculated for this structure assuming elastic interaction
of the dispersed UO2 phase in the tungsten matrix. These observations
indicate that some mechanical decoupling of the UO2 and the tungsten
was achieved through incorporation of sufficient void volume to
accommodate excess thermal expansion of the UO2 over that of the

tungsten matrix.

THERMAL CYCLING BEHAVIOR

Thermal cycling of the cermets from 150 to 1600°C produced
monotonic and isotropic growth in the cermets at a rate of 0, 30 to
0. 39 mils per inch per cycle. This measured growth is approximately
twice as great as that observed on cermets of a similar composition
formed of monodisperse, tungsten-coated, dense UO2 particles. The
microstructure of the fuel particles and the tungsten indicate an
agglomeration of trapped impurity gases in the porous UO; particles
and in the thermochemically deposited tungsten. Analysis of the amount
of growth to be expected from the gas trapped in the porous UO, during
the thermochemical deposition of the tungsten coating showed that all of

the growth of the cermets could be accounted for by the volume change

accompanying the agglomeration of the gas.




APPENDIX A

THEORETICAL DENSITY OF CERMETS

The overall weight fraction of tungsten in the cermets is
the weight fraction of tungsten in the small particles times their weight
fractions in the cermet blend plus the weight fraction of tungsten in the

large particles times their weight fraction in the cermet blend--i. e.,

where Fy is the overall weight fraction tungsten in the cermet body,
Fg is the weight fraction of small particles in the cermet, Fr is the
weight fraction of large particles in the cermet, fws is the weight
fraction of tungsten in the small particles, and wa is the weight

fraction of tungsten in the large particles.

The theoretical density of the cermet bodies is achieved when
both the tungsten and UO, are fully dense and no porosity remains in
the structure. Under those conditions, the specific volume of the

tungsten and UO, are:

specific volume of W= 1/19.3 = 0, 05181 cm3/gm, and
specific volume of UO, = 1/10. 96 = 0. 09124 cm3/gm.

Vw
Vuo,

The volume per unit mass occupied by the tungsten or the UO,
in the theoretically dense cermet is the weight fraction of the particular
component times its specific volume and, thus, the specific volume of

the cermet, V-, is given by:
Ve = (Fy)(Vy) + (1-Fy)(Vyo,) (A2)

and the theoretical density of the cermet pg) is the reciprocal of the

specific volume--i, e, ,

(A3)

_ - 1
Th = UVe *m g = T-Fw(Vuo,)

82




P

Substituting the weight fractions of tungsten for the small
and large particles obtained by chemical analysis (Table 1) and the
predetermined weight fractions of the two particles (23. 6 weight
percent of the small, 76.4 weight percent of the large) and the
stated values for the specific volumes of the tungsten and UO2 in
the above relation gives a value of 14. 9174 gm/cm3 for the theoretical

density of the cermets fabricated in this study.

The volume fraction of fuel in the theoretically dense cermet,
FVUO , 1s given by the ratio of the volume occupied by the UOZ to
the total volume per unit mass--i, e.,

(1-Fyw)Vyo,

F - (A4)
Vuo, ~ (FyVy) ¥ (1-Fy)Vyo,

With the above mentioned values, equation (A4) gives 0. 526

for the volume fraction of UO, in the fuel if it is theoretically dense.

Assuming that all of the porosity in a cermet that is less than
fully dense is associated with the UO,--i. e., its density is Y(10, 96)
and the overall cermet density is X{(PTy}), where X and Y are the
fractional densities of the cermet and the UO,, respectively--the
relation between the cermet fractional density and the fractional density

of the UQO; is, from equation (A3), as follows:

Xlorn) = ) +1(1-FW)(1/Y)(VUOZ) o (A5)
or solving for Y, the fractional density of the porous UO, is,
(I'FW)VUOZ
Y = I . (A6)
- FywVw
(XpTh )

This relationship is shown in Figure (Al) for the conditions

stated above.




Dby

Another interpretation of the relationship shown in Figure Al
(equation A6) for the case of a fuel-particle, matrix-shell gap is that
Y is the fraction of the volume in the tungsten shells that is filled with
fully dense UOZ‘ Thus, for a 95% dense cermet with the porosity
removed from the interstices between the particles, the UO, would
be 91% dense if the porosity was uniformly distributed, or it would
occupy only 91% of the available volume in the surrounding sphe rical

shell of tungsten if the UO, were fully dense.
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APPENDIX B

ACCURACY OF PERMANENT DIMENSIONAL CHANGE
MEASUREMENTS

The permanent dimensional changes per unit length, A, were

calculated as follows:

L _ Ly
A= T (B1)

where L, and L, are the measured values of the dimension of interest
before and after the treatment being considered, respectively. Since

A'is a function of L and LZ only, differentiating (1) we have:
dAz(—%‘—;) dL, +<7%;> dL, (B2)
Considering the differentials as the random errors, ¢i, gives:
e’ :<’5%AT)Z ele +( aaléz )2 ‘L, (B3)

Substituting the appropriate partial derivatives from equation (1)

and dividing through by AZ to a place on a fractional basis gives:

122 4+ 12 2
A 2 2
L{ (L - L))

and since ¢, = €L, =€, (20. 0001 inch), and L; = L, for small

dimensional changes, we can make the approximation:
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QA ZCL
A ¥, -L2 o er (B5)

‘, 2 ‘, 2
_w ZCL ZGL
L’l L1

=

A (B6)

For cermet specimens with lengths of ~0.9 inch and

diameters of ~0.4 inch, this gives:
b x (107472

eLength = 0' 9 =~ 0. 00016 lnCh or ~O. 2 m]_]_/]_nch

-442
_ V2 x (1 | . - S
‘Diameter - 04 ~ 0,00035 inch or ~0. 4 mil/inch.

Thus, the maximum expected accuracy of permanent length changes is

+ 0.2 mils/inch and for diameter changes is 0. 4 mils/inch.
It is important that these probable error bands on the dimensional

changes be considered, especially when comparing one specimen's

performance or behavior with that of another.
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